The dominant assumption in economic models of climate policy remains that adaptation will be implemented in an optimal manner. There are, however, several reasons why optimal levels of adaptation may not be attainable. This paper investigates the effects of suboptimal levels of adaptation, i.e. adaptation restrictions, on the composition and level of climate change costs and on welfare. Several adaptation restrictions are identified and then simulated in a revised DICE model, extended with adaptation (AD-DICE). We find that especially substantial over-investment in adaptation can be very harmful due to sharply increasing marginal adaptation costs. Furthermore the potential of mitigation to offset suboptimal adaptation is investigated. When adaptation is not possible at extreme levels of climate change, it is cost-effective to use more stringent mitigation policies in order to keep climate change limited, thereby making adaptation possible. Furthermore not adjusting the optimal level of mitigation to these adaptation restrictions may double the costs of adaptation restrictions, and thus in general it is very harmful to ignore existing restrictions on adaptation when devising (efficient) climate policies. 
Introduction
Emissions of greenhouse gasses are changing our global climate, leading to damages worldwide. Adaptation can be a very powerful means of reducing the damages caused by climate change. Adaptation refers to adjustments in ecological, social or economic systems to moderate potential damages or to benefit from opportunities associated with climate change (Klein et al. 2001) . Examples of adaptation are the building of dykes, the changing of crop types, and vaccinations against diseases such as malaria. It has been estimated that in some cases potential damages can be reduced by up to 80% (Mendelsohn 2000) . The dominant assumption in economic models of climate policy remains that adaptation will be implemented in an optimal manner and in fact, most models only implicitly make this assumption by including adaptation into the estimate of damages (De Bruin et al., 2009a) .
There is reason to believe, however, that adaptation will not be undertaken automatically or optimally. Several reasons why optimal adaptation levels may not be attainable have been identified in the literature, such as lack of information, or inertia in the decision making process. We refer to barriers or constraints resulting in suboptimal levels of adaptation as adaptation restrictions. These restrictions are the subject of investigation in this paper. There is a great gap in the literature regarding the effects of restrictions on adaptation. Where thousands of mitigation scenarios are considered with varying degrees of mitigation or concentration targets, consistent economic analysis of suboptimal adaptation is virtually absent. This is partly due to the fact that adaptation options are hard to quantify and compare with each other. Where mitigation has a clear common performance indicator, adaptation does not (Lecocq and Shalizi, 2007) . There remains a large amount of uncertainty regarding climate change damages and how much of these are avoided through adaptation. In contrast to reality, our model (and essentially all deterministic models) assumes that there is a policy lever that can set some macroeconomic "level of adaptation". In this paper, we investigate what the effects may be if this policy lever is not performing optimally, i.e. if the information on damages and adaptation costs is incorrect. We thus look at the consequences of 3 misspecifying adaptation. This can give policymakers insights into the uncertainties regarding adaptation policies.
In this paper we investigate what the effects of certain restrictions on adaptation are for the composition and level of climate change costs. We use an Integrated Assessment Model (IAM), namely AD-DICE to simulate different adaptation restrictions that could occur. AD-DICE is a recently developed (de Bruin et al., 2009a, and de Bruin et al., 2009b) Secondly, how do adaptation restriction affect the optimal mitigation policies, i.e. how do optimal mitigation paths change due to the various restrictions? Thirdly, and linked to the previous question, how can flexible mitigation policies compensate for reduced adaptation and how costly is a "naive" mitigation policy that disregards existing restrictions on adaptation?
This paper is structured as follows. The second section briefly describes the AD-DICE model we use in our analysis. The third section will introduce different restrictions identified in the literature and describe how these are simulated in the model. The fourth section discusses the results and the final section concludes.
The AD-DICE Model
For this analysis we use the AD-DICE model as introduced in de Bruin et al. (2009a) . This model is based on the Dynamic Integrated model for Climate and the Economy (DICE) originally developed by Nordhaus (1994 Nordhaus ( , 2007 . DICE2007 was used to create AD-DICE2007, as described in detail in de Bruin et al. (2009b) . AD-DICE is a global model and includes economic growth functions as well as geophysical functions. In the model, utility, based on discounted consumption, is maximised. In each time period, consumption and 4 savings/investment are endogenously chosen subject to available income, after the subtraction of the costs of climate change (residual damages, mitigation costs and adaptation costs).
Climate change damages are represented by a damage function that depends on the temperature increase compared to 1900 levels. Mitigation decreases emissions per unit of output; the marginal costs of mitigation are decreasing over time and increasing with the magnitude of mitigation undertaken.
AD-DICE2007 adds adaptation as a control variable to DICE2007 as described in detail in de Bruin et al. (2009a) and briefly explained here. We define gross damages as the initial damages by climate change if no changes were to be made in ecological, social and economic systems. If these systems were to adapt to limit climate change damages, the damages would be lower. These "left-over" damages are referred to here as residual damages. Reducing gross damages, however, comes at a cost, i.e. the investment of resources in adaptation. These costs are referred to as adaptation costs. Thus, the net damages in DICE are the total of the residual damages and the adaptation costs. Furthermore the net damages in the DICE model are assumed to be the optimal mix of adaptation costs and residual damages. Thus the net damage function given in DICE is unravelled into residual damages and adaptation costs in AD-DICE, yielding the level of adaptation as a new policy variable.
Adaptation is given on a scale from 0 to 1, where 0 represents no adaptation: none of the gross climate change damages are decreased through adaptation. A value of 1 would mean that all gross climate change damages are avoided through adaptation. Thus, adaptation (denoted by P) is expressed as the fraction by which gross damages are reduced.
We assume that marginal adaptation costs increase at an increasing rate with the level of adaptation, as cheaper and more effective adaptation options will be applied first. The calibrated adaptation cost curve is represented in Figure 1 .
The level of adaptation is chosen every time period (10 years). The adaptation in one time period does not affect damages in the next period, thus each decade the same problem is faced, and the same trade-off holds. This implies that both the costs and benefits of adaptation are "instantaneous", i.e. they fall in the same time period. The approach is consistent with the assumption that the majority of adaptation efforts will be reactive, rather than anticipatory.
We leave an analysis with adaptation as a stock variable (which reflects anticipatory investments in adaptation capital, such as the building of sea walls) for future research.
When optimal levels of adaptation are attainable, the results will stay unchanged as compared to DICE. The key innovation of the AD-DICE model is that it makes an analysis of suboptimal levels of adaptation possible. Thus, with this model we can control the level of adaptation to simulate restrictions or even completely exclude adaptation as an option for the sake of studying the effects of adaptation.
Insert Figure 1 here 3 Adaptation restrictions
This section examines different restrictions, limits and barriers to adaptation. There are many reasons why the optimal level of adaptation may not be attainable, many of which are linked to the magnitude of climate change (see for example, Klein et al., 2007, Chapter 17) . This section discusses some of the key restrictions to adaptation, and "adaptation scenarios" are then constructed to simulate these restrictions in our Integrated Assessment Model framework.
As adaptation can be restricted in several ways we have divided adaptation restrictions into four general categories. Each category will be discussed and some examples given per category. The scenarios associated with each category are given in Box 2. Note that the numerical results will depend on the exact specification of the restrictions, and therefore we simulate a range of possible specifications per scenario in Section 4.
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Restriction on the level of adaptation costs
First of all, the amount of dollars that are spent on adaptation may be above or below what is optimal. For example lack of funding can form a significant barrier to adaptation. In this case the amount one can spend to avoid gross damages is limited. Many forms of adaptation need initial investments, and in many cases funds for these investments cannot be raised. This is often the case when large sums of money need to be invested in building adaptation options beforehand, i.e. before climate change occurs. One reason for a barrier to invest ex ante in adaptation is the option costs of investments: it is often very hard or impossible to reverse the decision to invest when new information becomes available. Policymakers therefore tend to be cautious in allocating funds when the level of future damages is uncertain. For example a government may not be able to raise the funds required to build a sea wall or invest in climate proofing infrastructure. Also investments in early warning systems or research and development may involve sums of money that are not available to policy makers. It may also be the case that even if policymakers have funds, adaptation options will have to compete with other options for the funds. For example, policymakers may also need to invest in mitigation, development, health care and so on.
This form of adaptation limitation is modelled by limiting the amounts of funds available for adaptation (i.e. adaptation costs) to a level below the optimal (scenario A1). Furthermore it may be the case that there is an over-investment in adaptation, where e.g. a government chooses to set its adaptation budget which turns out not to be optimal (due to among others a lack of proper information) or when international funds to support adaptation can be secured relatively easily. This may be due to for instance an understatement of the costs of the adaptation measure, for example maintenance costs of adaptation options such as sea walls may be underestimated. Overinvestment in adaptation may also be due to an overstatement of the benefits, for example one may overestimate the benefits of an early warning system by assuming that when in place people will respond to the warnings given. Budgets may also be based on other objectives or constraints than cost-benefit analysis. The total budget available 7 to finance adaptation may thus be greater than the optimal amount that should be allocated to adaptation. This is simulated in scenarios A2, where adaptation costs are set at levels above optimal.
Restrictions on the level of adaptation
We distinguish between the level of adaptation and the funds spent on adaptation to distinguish between the effects of uncertainty regarding the effectiveness of adaptation and uncertainty regarding the costs. The restriction given in section 3.1 provides insight into the effects of misspecifying the adaptation costs, whereas here we look at the effects of misspecifying the avoided damages and thus choosing an incorrect level of adaptation. Note, however, that restrictions on the level of adaptation expenditure and the level of adaptation are closely linked through the interactions in the adaptation cost curves. Nonetheless because of dynamic effects these are not exactly the same.
In this section, the actual level of adaptation (P) may be set at a suboptimal level, i.e. the fraction of gross damages that is prevented by adaptation is higher or lower than optimal.
There are many reasons why this may be the case. One such reason is a lack of knowledge.
There remains a lot of uncertainty regarding the exact level and impacts of climate change, making it hard to employ the correct amount of adaptation. Furthermore, the adaptation measures to be taken may not be known to the people concerned (Fankhauser et al, 1999) .
Moreover even if the (scientific) knowledge is available, there may be cognitive problems with the assimilation and understanding of this knowledge and the exact implications hereof.
Also risk perception can limit adaptation, as individuals may not feel a sense of urgency (risk suppression), especially when simultaneously threatened by other risks. Other reasons for adaptation limitation in this sense are external factors such as pollution, conflict and disease which make ecosystems and people more vulnerable and less able to adapt. In the same sense risks may be amplified, i.e. exaggerated leading to over-investments in adaptation.
Technological limits may also play a role, for example many developing regions may not have access to the technology needed to adapt; this is strongly linked to lack of funds 8 discussed above. Another barrier is of a political or policy nature: it may be the case that adaptation investment is not undertaken as the costs involved are high. Governments may postpone such projects as the benefits will not be reaped within the governing period. This involves bigger, long term projects such as sea walls, setting up insurance schemes etc.
Furthermore, policymakers may find it morally unjust to accept certain forms of climate change adaptation or certain amounts of gross damages. This is also reflected in social and cultural barriers which may exist when e.g. considering migration as a needed form of adaptation. As often seen in disasters, people are not willing to leave their houses no matter the consequences, they have such ties to their homes that resettlement is not a socially viable option. Moreover certain crops have religious or cultural meaning, which limits the willingness to change crops.
Furthermore due to loss aversion, i.e. people strongly prefer avoiding losses to acquiring gain, people may be inclined to over-protect their assets, i.e. over-adapt. Moreover even though it is usually assumed that there are no externalities involved in adaptation decisions, this may not be the case, particularly on a smaller scale. When e.g. building sea walls against sea level rise or forests against soil erosions, the benefits accrue to numerous people. If cooperation cannot take place between these individuals than adaptation may be set at a level below what is optimal. Finally, myopia, i.e. short sightedness, may cause individuals not to consider the effects of climate change, thus restricting proactive adaptation.
The key aspect that links all these restrictions in terms of our model, is that the amount of gross damages avoided is either too high or too low as compared to the optimal level, i.e. the adaptation level is either too high or too low. Thus, these limitations are mimicked, albeit in a crude fashion, in scenarios A3, where the amount of adaptation is limited to a level below optimal and in A4, where adaptation is set at a level above optimal. 9
Restrictions on the timing of adaptation
A third issue that may constrain adaptation is inertia (cf. Burton, 2005) : adaptation levels may not be able to change (quickly) over time. This may have many different reasons. Firstly, there may be the problem of delayed reaction. It might take considerable time to implement adaptation measures (Mendelsohn, 2000, and Berkhout et al., 2006) . For example large scale adaptation projects such as sea wall construction need time to be set up and completed. As mentioned before cultural and social aspect may also cause barriers to adaptation and these involve slow adjustment phases. Societies need time to culturally accept that climate change is a problem and that certain adaptation measures are needed. Inertia in the political systems and prolonged negotiations on international coordination of climate policies will further delay the implementation of adaptation. Also a tendency to wait for improved information may postpone investments in adaptation. Scenario A5 reflects such inertia by assuming that adaptation will not be available up to a certain point time. Furthermore, it may be the case that adaptation knowledge needs to be acquired to adapt as the climate changes. Thus changing the level of adaptation may be restricted due to the rate at which one can build up adaptation knowledge. Adaptation in its proactive sense also brings with it the idea that a stock of adaptation is built up over time. This stock cannot, however, accumulate or deplete very quickly over time. A similar type of inertia refers to physical and ecological limits. For instance, ecosystems need time to adjust (Klein et al, 2007 Chapter 1). In scenario A6 we simulate this by restricting the change in adaptation levels over time, implying a gradual adjustment and preventing radical adjustment of adaptation policies.
Extreme climate change
Dramatic levels of climate change may also make it impossible to adapt Tol, 2006, Tol et al 2006) . At lower levels of climate change we are able to gradually change our society, economic structure etc. in such a way as to limit the damages caused by the changing climate. If the climate changes to a too high degree, this will no longer be possible. A whole new society and economic structure will be needed, and for instance large ecosystems will be irreversibly disrupted and consequently these extreme damages cannot be adapted to within a reasonable time scale and will therefore have to be accepted. We simulate this by assuming that after a certain degree of temperature rise we can no longer adapt to climate change. Note that adaptation will be possible until the restriction threshold is reached. This is simulated in scenario A7.
Box 1: Adaptation restrictions scenarios
Results
In this section we will present the results of our analysis. First the benchmark simulation where we assume optimal adaptation will briefly be presented; this provides the reference point for the evaluation of the various scenarios with adaptation restrictions. We then look at the effects of each restriction on the composition and level of climate change costs, assuming a responsive mitigation policy, i.e. optimal mitigation levels can be adjusted to accommodate the adaptation restrictions. We then show how the optimal mitigation path is affected by the
Adaptation Scenarios
Limits on adaptation costs A1 There is an upper limit on adaptation costs A2 There is a lower limit on adaptation costs Limits on adaptation A3 There is an upper limit on adaptation A4 There is a lower limit on adaptation Rigidness of adaptation A5 Adaptation cannot be implemented up to a certain time period A6 Adaptation levels can only vary to a certain degree from one period to the next Extreme climate change A7 No adaptation is possible at higher levels of climate change different restrictions. Finally we investigate the impact of naïve versus responsive mitigation policies for each scenario.
The Benchmark: optimal adaptation
We first present the case where there are no restrictions to adaptation. We call this the optimal case. All other scenarios include restrictions and thus are cases of constrained optimisation. Figure 2 shows the optimal path of adaptation over time without restrictions. As can be seen the level of adaptation increases steadily, due to increasing damage levels, and levels out at the end of the 22 nd century when mitigation policies become more effective as a control option. Roughly speaking, in the first century it is optimal to avoid a quarter of all possible (gross) damages (P≈0.25) and afterwards optimal adaptation levels increase to one-third of gross damages (P≈0.34).
Insert Figure 2 here
The Net Present Value (NPV) of total climate change costs (the sum of adaptation costs, mitigation costs and residual damages), given as a fraction of output (GDP), are shown in Figure 3 for the optimal adaptation case and for the case where no adaptation is possible at all.
The NPV of total climate change costs equals 9.5% of GDP when optimal adaptation is possible, and increases to 11% of GDP in the case of no adaptation. This shows the potential of adaptation to decrease climate change damages. By far the largest constituent part of climate costs are the residual damages, even in the case of optimal adaptation. This illustrates the trade-off that takes place at the margin: for every adaptation measure one has to weigh the additional benefits in terms of reduced damages with the additional costs of the measure.
Thus, it is never optimal to completely eradicate all damages, and optimal climate policies are moderate in the use of both control options.
Figure 3 also illustrates the compensating effect mitigation can have. The case with no adaptation has much higher mitigation costs. Thus due to the lack of adaptation, damages cannot be reduced after climate change occurs but, will need to be reduced through limiting climate change, i.e. through mitigation. In other words as adaptation decreases, the marginal value of mitigation increases, increasing the level of mitigation and decreasing the damages.
Insert Figure 3 here
The components of climate change costs with restrictions
Restrictions on the level of adaptation costs
In Figure 4 restrictions on the level of adaptation costs are examined. In the right-hand panel of the figure the minimum level of adaptation costs is restricted (scenario A2). At the left of the graph the lower limit is 0 and there is thus no binding restriction on adaptation; this mimics the optimal adaptation benchmark and thus results in a NPV of total climate change costs of 9.5% of GDP. Along the x-axis the lower limit is gradually increased and we see that the forced increase in adaptation leads to a slow decrease in residual damages as adaptation costs increase. Also mitigation costs decrease as mitigation becomes less beneficial when adaptation increases, i.e. the higher adaptation efforts partially replace mitigation efforts. The increase in adaptation costs, however, outweighs the decrease in residual damages and mitigation costs and overall climate change costs increase (as expected in a cost-minimisation framework: the switch towards more adaptation is forced and by definition involves a welfare cost).
The left panel of the figure shows the case where adaptation costs have an upper limit (scenario A1). Again, the left end of the graph reflects the unrestricted optimum. Here the right end of the x-axis shows the case where adaptation costs are completely limited, i.e. there is an upper limit of 0, resulting in total costs of 11% of GDP. As the limit is increased, i.e. the restriction loosened (moving from right to left in the graph), adaptation costs decrease while residual damages decrease at a stronger rate, increasing total climate change costs. One can see a sharp increase in climate change costs as the upper limit approaches 0, showing how powerful even small amounts spent on adaptation can be.
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Restrictions on the level of adaptation suggests that over-investing in adaptation can be more harmful than under-investing. This is due to the fact that adaptation costs grow steeply over the amount of adaptation applied. As seen in Figure 2 the optimal level of adaptation increases over time and the long-run optimal level of adaptation is one-third of gross damages (p=0.33). Over-adapting is better than not adapting at all if it is limited to this long-term optimal level of one-third of gross damages (p=0.33). Over-adapting in earlier periods, where the level of adaptation is lower, is less harmful than in later periods. Thus over estimating the amount of adaptation requirements within reason is still better than not adapting at all, especially in the short-run. Caution should be taken, however when undertaking any adaptation option available without carefully scrutinizing the associated costs and benefits, as this can cause large losses. Uncertainties concerning the exact amount of adaptation are not reason enough to postpone adaptation according to this analysis.
14 The left panel of the figure show the upper limit on adaptation. We observe that increasing the upper limit reduces residual damages significantly while adaptation costs remain limited. This again shows how powerful low levels of adaptation can be. Again notice that the costs of under-investing are lower than those of over-investing, compare the left and right panel.
Insert Figure 5 here
Restrictions on the timing and flexibility of adaptation
The left-hand panel of Figure 6 shows the case where adaptation is not possible up to a certain point in time (scenario A5). We see that after about 200 years of no adaptation, climate change costs have reached the same level as when no adaptation is possible. This result is induced by the positive discount rate, making future damages (and thus future adaptation efforts) less important in net present value terms. Furthermore, restricting adaptation for the first couple of decades affects the composition and level of climate change costs to a small degree, i.e. the graph is relatively "flat". Two mechanisms are at work here. Firstly as time passes the degree to which the costs are discounted increases. Thus restrictions in earlier periods will ceteris paribus imply larger costs. Secondly, the global temperature also increases over time, increasing gross climate change damages and thus also increasing the effectiveness of adaptation. Thus in early periods when damages are low, adaptation will have lower benefits. The latter mechanism dominates in the first couple of decades.
The right-hand panel of Figure 6 shows the components of climate change costs when there is limited flexibility in adaptation over time (scenario A6). Adaptation cannot change more than a certain percentage from one time period to another, i.e. the growth rate of adaptation is restricted. As can be seen at the extreme right of the panel, losing intertemporal flexibility completely (when adaptation cannot change at all over time) increases total climate change costs somewhat, but mostly induces a different composition of these costs. When there is limited intertemporal flexibility it is optimal to choose a relatively low average rate of adaptation (equalling 20% of gross damages throughout the model horizon). This is because when there is less flexibility you will need to over-and/or under-invest in adaptation in some periods. As we have seen before over-investing is more harmful than under-investing, therefore a lower level is chosen.
Insert Figure 6 here
Restrictions for extreme climate change Figure 7 shows the effects of not being able to adapt at extreme levels of climate change (scenario A7). When the restrictions on adaptation come into place at lower levels of climate change (moving right in the figure, and becoming binding at 3.6 degrees), substantial increases in the level of mitigation are used to limit climate change. Responsive mitigation policies can keep climate change beneath the adaptation restriction threshold, thus keeping adaptation possible. When, however, adaptation is not possible after 2 degrees (or less)
climate change, the additional costs of mitigation to keep climate change beneath 2 degrees outweigh the additional benefits of having adaptation as an option. Then, adaptation will only be possible for the first decades, until the climate threshold is reached (n.b. this change in time profile of adaptation cannot be directly inferred from the net present values in the figure) .
Surprisingly, the total climate change costs decrease when the restriction becomes binding but is not too severe. This counterintuitive result follows from the fact that we are presenting NPV of climate change costs while utility is optimised in the model. Changes in the time profile of adaptation, mitigation and damages may lead to lower NPV of climate costs, but come at a welfare cost. Utility losses from increased climate costs are larger for lower income levels, i.e. in the first decades. Since the higher mitigation costs are borne nearer in the future, and thus impact near-term low income levels, these costs decrease utility more than the lower residual damages and adaptation costs, even though the net present value of the climate costs are reduced. Thus there is a range of restrictions for which both utility and total climate costs are lower. At even more strict thresholds, the increase in mitigation costs becomes so large that total climate costs increase again.
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Insert Figure 7 here .
Comparing restrictions
We now compare the effects of restrictions directly with each other in terms of welfare to get an idea which restrictions are the most harmful. As welfare losses are a more accurate indicator of the harmfulness of the restrictions, in figure 8 the utility index levels (where utility is normalised to 100 for the benchmark case with optimal adaptation), are plotted for the different restrictions. We look at 3 levels of restrictions for each type of restriction: a relatively weak, a middle and a strong restriction. These various restrictions are described in Table 1 . Looking at Figure 8 , we can clearly see that restrictions on the lower level of adaptation are most harmful. Thus over-investing in adaptation causes climate change costs to increase substantially. Also a lower limit on adaptation costs have higher effects that the other restrictions. Besides this, restricting adaptation in the short run also has relatively high welfare costs. This reflects both the positive discount rate and the fact that mitigation is less effective in the short run due to the time lag in the climate system and thus cannot compensate for the lower levels of adaptation. After this extreme climate change creates the highest welfare loss in this analysis.
Insert Figure 8 here
We next compare the weak restrictions for the various scenarios. An upper limit on the amount spend on adaptation (A1) does not affect welfare much in the weak case as many adaptation options have very low costs. The same holds for scenario A3 (upper limit on adaptation level) as most adaptation benefits are reaped at lower levels of adaptation. In scenario A6 (adaptation cannot vary over time) reducing the flexibility of adaptation to 10%
per period is not very harmful as in the optimum not much more flexibility is needed (cf. Figure 2 ). In scenario A7 we see that making adaptation not possible after a 3.3 degree temperature change is hardly restrictive, as this temperature change is below the optimal temperature change only in a limited amount of time periods. Scenarios A2 and A4 mirror scenarios A1 and A3, respectively. The impact of these lower limits is, however, much more pronounced than the corresponding upper limit restrictions. Thus, the welfare costs associated with overinvesting in adaptation are much larger than those associated with under-investing.
Scenario A5 is an intermediate case; a weak restriction of this kind will incur some welfare losses, but these are limited.
Obviously, for all scenarios a stricter restriction leads to higher welfare costs. There are however marked differences between the various scenarios. An upper limit on adaptation costs (A1) has small effects in all cases, the difference between the middle and strong restriction is higher than between the middle and weak, reflecting the decreasing benefits of adaptation costs. A lower limit on adaptation costs (A3) shows the same effect, again reflecting the decreasing benefits of adaptation costs. Similarly in scenario A3 (upper limit on adaptation level) the difference between the middle level restriction and the strong level restriction is large due to the exponential adaptation cost curve. The increasing disutility of restrictions is most obvious in scenario A4 (lower limit on adaptation costs), where the different between the middle and strong restriction is more than twice that of the middle and weak. Whereas in the scenario A5 (adaptation is limited up to a certain time) the difference between the middle and weak levels of the restriction is large due to the discount rate effect explained above. In scenario A6 (limited flexibility over time) we see that there is a small difference between the middle and weak restriction reflecting the fact that adaptation does not vary much more than 5 % from period to period in the optimal case. In scenario A7 (extreme climate change), the large difference between middle and strong reflects the increasing costs of limiting climate change with mitigation investments. Though these levels of restrictions are some what arbitrary we can draw some general conclusions concerning welfare. Firstly, lower limits on adaptation can create great losses. Secondly, relatively small restrictions need not be very harmful. Finally restrictions may not be linear in how harmful they are. Beyond certain points restrictions can become extremely harmful very quickly, while for others small restrictions are harmful.
The effects on mitigation
The analysis in Sections 4.1 and 4.2 indicated that by changing the level of mitigation in response to limited adaptation, the increase in climate change costs can be limited. For instance, increased investments in mitigation are warranted when adaptation levels are too low, as the residual damages are larger and thus the productivity of mitigation increases. Here, we further explore how mitigation responds to adaptation restrictions. We investigate how the optimal level of mitigation changes with different restriction.
Insert Figure 9 here Figure 9 plots the optimal levels of mitigation in 2065 for different lower and upper limits on adaptation. In line with the observations made in Section 4.2, optimal mitigation levels are higher when adaptation is restricted below optimal and is lower when adaptation is restricted above optimal. We furthermore see that the effect of restricting adaptation on optimal mitigation seems more or less linear for the relevant range of restrictions. Finally, observe that the two lines do not touch each other, indicating that there is a (small) range where both lower and upper limit restrictions on adaptation are binding.
We furthermore look at the path of mitigation over time with various adaptation restriction scenarios. Figure 10 shows the mitigation path when there is an upper limit on adaptation.
One can see that as time passes the level of extra mitigation due to the adaptation restriction increases slightly.
Insert Figure 10 here Figure 11 shows mitigation paths when adaptation has a lower limit. The effects mirror those of the upper limit, except for the weak restriction. A 'weak' lower limit on adaptation will only affect mitigation in the short run, but after the 21 st century the effect fades, as optimal adaptation levels increase over time and the restriction is no longer binding.
Insert Figure 11 here Figure 12 shows the optimal mitigation paths when adaptation is not possible in the short run.
As can be seen in the figure, mitigation is particularly higher in the earlier periods when the 20 restriction applies, but there is an adjustment period after the restriction is relieved where mitigation levels are still higher than in the unrestricted case. This adjustment period lasts for roughly 5 decades and reflects the large inertia in the climate system, and a preference (as expressed in the utility function) to avoid sudden shocks and opt for gradual adjustment. As the time period up to which adaptation is not possible increases, so does the period of extra mitigation.
Insert Figure 12 here
The adaptation scenarios that affect the path of mitigation the most are those with extreme climate change. Because adaptation cannot be used after a certain amount of climate change, mitigation is used to keep temperature below that threshold level. This involves huge amounts of mitigation in early periods. In figure 13 we can see that mitigation reaches almost maximum levels several decades earlier than in the case of optimal adaptation. For higher threshold levels the mitigation peak moves further away in time.
Insert Figure 13 here
Naive versus responsive mitigation
In our analysis up to now, we have assumed that there is full information about the restrictions of adaptation. This entails that the decision maker can adjust his level of other choice variables (consumption, investment and mitigation) to the lower level of adaptation, making the restriction less harmful. It may be the case, however, that the decision maker is not aware of these restrictions and assumes that adaptation is optimal, as commonly done when using IAMs to design policies. In this case there is no possibility to respond to the restrictions of adaptation and the levels of the other choice variables will not be adjusted to compensate for the limited adaptation. In this section we investigate what the effects are of not knowing that adaptation is limited. We focus on the choice variable mitigation as it is most likely to be formulated ex ante (e.g. in an international agreement) and thus naïve with respect to adaptation. Furthermore both mitigation and adaptation are used to combat climate change and can substitute each other. Thus their optimal levels are strongly linked to each other. We re-run all our previous scenarios, but now keeping the level of mitigation fixed at the level that would be optimal if adaptation was optimal.
When mitigation cannot be used to limit the effects of restricted adaptation, this leads in all scenarios to higher climate change costs than when mitigation is responsive. In Figure 14 , the total climate change costs are given for the various scenarios (with middle level restriction)
for the cases of naïve mitigation and responsive mitigation. The effects of responsive mitigation are largest in the scenario A6 (inflexible adaptation), and to a lesser extent also in scenarios A7 (extreme climate change) and A2 (lower limit on adaptation costs). Given the relatively small welfare costs observed for scenario A6 and A7 when mitigation is assumed responsive, this shows that the interactions between adaptation and mitigation can be quite powerful. The more far-reaching conclusion is that an international agreement that essentially fixes both mitigation and adaptation levels for a prolonged period of time may be quite inefficient. Rather, leaving sufficient flexibility to vary either adaptation or mitigation levels may reduce climate costs substantially. In some cases, we see that using mitigation to respond to adaptation restrictions is hardly beneficial. This is the case in scenarios A1, A4 and A5. In A1 the upper level of adaptation costs is limited, and as discussed above this restriction does not affect welfare much. Because this restriction is not very harmful, mitigation does not have a large role to play in responding to the suboptimal adaptation. In scenario A4, where there is a lower limit on adaptation, responsive mitigation does not decrease the climate change costs.
There are over-investments in adaptation and the appropriate response is thus to decrease the level of mitigation. The adaptation costs are constant over time, mitigation costs are decreased in all time periods, whereas the corresponding larger increase in residual damages is only in later periods. Thus applying responsive mitigation shifts climate change costs to later periods, which in this case essentially increases utility but does not decrease climate change costs. In 22 the case of adaptation limits up to a certain period (A5) mitigation again has very little effect in responding to the restriction as the restriction primarily affects the short run whereas mitigation efforts will take many decades to take effect. Thus the higher residual damages due to suboptimal adaptation in the short run, cannot be limited by mitigation.
Insert Figure 14 here Figure 15 compares the climate costs components with and without information on adaptation restrictions for a range of values for the upper limit on adaptation (scenario A3). Total climate change costs may be half a percent-point of GDP higher when mitigation is not responsive to the adaptation restriction. We can furthermore see, as expected, that with full information mitigation costs are larger. From this analysis we can conclude that good mitigation policies can decrease the harmful effects of adaptation restrictions when there is knowledge of these restrictions.
Insert Figure 15 here
Final remarks
In this paper we look at the effects of adaptation restrictions. By adjusting our economic and social structures and activities to better fit the new climate we can substantially reduce potential damages of climate change. Virtually all economic models for climate change policy implicitly assume that optimal adaptation is possible and will be implemented. This means that all possible adaptation measures can be employed to the level at which their marginal benefits equals their marginal costs. There are many reasons to believe, however, that such "optimal" adaptation is not possible. Through lack of knowledge there may be over-or under-investment, funds for adaptation may be limited and adaptation may not be possible at extreme climate change. These are just a few examples of why adaptation may be restricted. This paper firstly investigated how different adaptation restrictions affect the level of total climate change costs (the sum of adaptation costs, mitigation costs and residual damages). In this analysis, restrictions on the level of adaptation itself are most harmful. Particularly substantial over-adapting may increase the climate change costs to a high degree. When adaptation is not possible at higher levels of climate change or in the short-run, damages can also be increased significantly. Furthermore, rigidness i.e. not having intertemporal flexibility in setting your adaptation levels increases costs of climate change.
Secondly, this paper finds that having knowledge about the restrictions of adaptation and adjusting mitigation policies accordingly can be a powerful way to keep climate change costs low. When the restrictions are not taken into account when designing mitigation policies, adaptation restrictions become up to twice as harmful in terms of increased climate change costs. Integrated Assessment Models that are used to design mitigation policies nearly always assume optimal adaptation. Such an approach can be quite harmful when restrictions on adaptation are prominent, as empirical research suggests (cf. Fankhauser, 2000) . This is especially the case when adaptation is restricted at higher levels of climate change and when adaptation is rigid over time.
Thirdly, this paper finds that the mitigation paths are very different with the various restrictions. Compensating for adaptation restrictions by altering mitigation paths will therefore only be beneficial if the policymaker understands the restriction he is facing. This warrants more research in the exact adaptation capabilities.
Fourthly, from an adaptation policy perspective this paper gives insight into the effects of misspecifying adaptation costs and benefits. Uncertainties regarding adaptation are large, and there are no clear policy levers to influence the macroeconomic level of adaptation, or even to measure an overall level of adaptation efforts and the corresponding avoided damages.
Policymakers are somewhat in the dark when attempting to set adaptation policies. This paper shows the effects of these uncertainties. We see that in general reasonably sized deviations from the optimum have small effects, indicating that adaptation policies that are not optimal will most likely still be beneficial.
Fifthly, from the perspective of mitigation policy making, policy makers now form mitigation policies based on an unwarranted assumption of optimal adaptation, and adjusting this assumption will lead to more effective mitigation policies.
There are several caveats and limitations to this study. Firstly this analysis is based on the AD-DICE model and has the same limitations as that model, and as the DICE model on which it is constructed. DICE and AD-DICE do not include certain important issues such as uncertainty and irreversibility. Moreover, the model assumes perfectly functioning markets and one aggregate impact function, rather than making a distinction between different sectors.
In some sectors, adaptation is relatively easy. In other sectors, it is more difficult. More It is also assumed that the adaptation in one time period does not affect damages in the next period, thus each decade the same problem is faced, and the same trade-off holds. This implies that both the costs and benefits of adaptation are "instantaneous", i.e. they fall in the same time period. Adaptation will however in many cases also have time-lags in costs and benefits. Examples of such measures are building seawalls and early warning systems. While such time-lags may have influence on the interactions between adaptation and mitigation, we feel it is less relevant for an investigation into the (macro-)economic effects of adaptation restrictions per se and leave this issue for future research.
Finally the restrictions we study are imposed exogenously and we do not model the causes of the restrictions directly, but limit ourselves to specifying scenarios for their likely impact on adaptation. To understand the full effects of certain restrictions the underlying causes for 25 suboptimal adaptation would need to be modelled explicitly. Clearly, such an elaborate analysis would imply a major enlargement in terms of model specification and especially data requirements (for instance, it is not clear at all how a lack of information can be included consistently in the analysis). The current paper therefore provides a useful bridge between the overly simplistic models of optimal adaptation and more detailed but less general models of adaptation.
